In simple epithelia, specialized vectorial functions such as transport and secretion are made possible by the seg regation of proteins and lipids into opposite surface domains. This polarized distribution results from selec tive delivery to and retention at the appropriate domain. In the case of direct delivery, the sorting site for apical and basolateral proteins is the iram-Golgi network (TGN) where they are incorporated into distinct apical and basolateral vesicles that are targeted to the respec tive surfaces. The machinery that controls this simple process is in fact rather complicated. It involves many different steps from the recognition event (between 'sorting signal(s)' and 'sorting receptor(s)') to the for mation of the vesicles, their budding, and the docking to the specialized plasma membrane domain. Here we summarize the latest developments in the sorting of apical and basolateral proteins, focusing in particular on the signals that are involved in this process and the current hypotheses about the mechanisms responsible for it, in both epithelia and in non-polarized cells.
INTRODUCTION
Work in the past decade has greatly increased our knowl edge of the mechanisms responsible for epithelial cell polar ity. These mechanisms fall into three groups: intracellular sorting and polarized delivery of proteins and lipids to the cell surface (Rodriguez-Boulan and Powell, 1992; van Meer and Burger, 1992) , retention by domain-specific cytoskeletal interactions (Nelson, 1991) and diffusive restriction by the tight junctional fence (Cerejido et al., 1980; Gumbiner, 1990) . One of the principal intracellular sorting sites for both proteins and lipids is the trans-Golgi network (TGN).
THE TGN: CROSSROADS OF ENDOCYTIC AND EXOCYTIC TRAFFIC
Intense research has demonstrated the crucial role of the TGN in the sorting of proteins to lysosomes, secretory granules and the cell surface. Lysosomal hydrolases are seg regated into clathrin-coated vesicles via specific interaction of mannose 6-phosphate residues with a receptor that recy cles between the TGN and a prelysosomal compartment; the cytoplasmic domain of this receptor carries a determi nant that is recognized by Golgi-specific adaptor molecules (Pearse and Robinson, 1990; Robinson, 1992) that induce the formation of a clathrin-coated bud (Griffiths et al., 1988) . Aggregation, presumably triggered by the ionic con ditions in the TGN, is presumed to promote the incorpora tion of regulated secretory proteins into secretory granules.
In epithelial cells, proteins destined to the apical and to the basolateral surface follow a similar pathway through the ER and the Golgi apparatus until, in the TGN, they are incor porated into distinct apical and basolateral vesicles, which are targeted to the respective surface (Rodriguez-Boulan and Powell, 1992; Simons and Wandinger-Ness, 1990 ). The mechanisms that direct the budding of these vesicles and the docking into and fusion with specific surface domains are still unknown.
Clear progress has been made in the identification of fea tures in the proteins and lipids that direct them apically or basolaterally. We will analyze these features separately for apical and basolateral sorting.
APICAL SORTING IN EPITHELIA
Unlike basolateral proteins, no discrete protein features have been identified in apical proteins that promote apical sorting. The hypothesis by van Meer and Simons (van Meer and Simons, 1988) , that partition into hydrogen-bonded glycolipid rafts serves to recruit apical proteins into apical tar geted vesicles, is, prima facie, supported by the remarkable apical localization of proteins anchored to the cell surface by glycosylphosphatidyl inositol (GPI) (Ali and Evans, 1990; Lisanti et al., 1988 Lisanti et al., , 1990 . In GPI-anchored proteins, the C-terminal amino acid is linked by an amide bond to ethanolamine, which in turn is linked by a phosphodiester bond to a mannosyl-glycosaminyl core glycan anchored to the membrane by phosphatidylinositol (Cross, 1990; Fer- guson and Williams, 1988; Low and Saltiel, 1988) . The addition of GPI to the protein is a transamidation event in the lumen of the RER directed by a transient C-terminal hydrophobic signal (Berger et al., 1988; Caras et al., 1989; Gerber et al., 1992) . GPI-anchored proteins are usually identified by their sensitivity to cleavage by Pi-specific phospholipase C; considerable variability of the GPI struc ture can be generated by substitutions of the glycan with ethanolamine phosphate or by sugars (aGal, aMan or bGalNAc) (Deeg et al., 1992; Ferguson and Williams, 1988) . Table 1 shows a list of endogenous and exogenous GPI-anchored proteins that, with few exceptions (see below), have been found in the apical surface of diverse epithelia.
Evidence for the apical sorting role of GPI was provided by the transfection of cDNAs encoding transmembrane and GPI-anchored isoforms of a protein (Powell et al., 1991) , and by the apical localization of GPI-anchored fusion pro teins of basolateral viral glycoproteins VSV G and Herpes simplex gDl (Brown et al., 1989; Lisanti et al., 1989) .
The 'cluster hypothesis' for apical targeting is supported by the observation that GPI-anchored proteins and GSLs show resistance to dissociation by certain mild non-ionic detergents (TX-100, TX-114) at low temperature (Hoessli and Rungger-Brandle, 1985; Hooper and Turner, 1988 ). This resistance is acquired at, or just before, arrival to the Golgi apparatus of the GPI-anchored protein (Brown, 1992) . Since GSLs are produced in the Golgi apparatus, these experiments suggest that clusters of GPI-anchored proteins and GSLs are formed in the Golgi apparatus. Hannan et al. (1993) , using fluorescence energy tranfer and fluorescence recovery after photobleaching, observed that a fusion GPI-anchored protein, gDl-DAF, was clus tered and immobile at the moment of arriving to the sur face of wild-type (Con A-resistant MDCK) MDCK cells but was mobile in a mutant MDCK cell line that failed to sort gDl-DAF. After long periods of residence at the cell surface, the new surface molecule population acquired char acteristics of the stable population in that their mobility increased to high levels (R=90% as detected by FRAP). These experiments suggest the existence of a transmem brane 'sorting receptor' that may be involved in linking the GSL-GPI-protein aggregates in the luminal leaflet of the TGN to the vesicle-forming machinery on the cytoplasmic side; the reason for the slow dissociation of this immobi lizing mechanism at the cell surface is unknown.
Recent experiments with the Fischer Rat Thyroid (FRT) cell line have shown that, unlike in other epithelial cell lines, GPI-anchored proteins are mainly basolateral (Table  1) ; gDl-DAF is targeted basolaterally whereas exogenous DAF is unpolarized (Zurzolo et al., 1993a) . Interestingly, GPI-anchored proteins fail to become detergent-unextractable during passage through the Golgi complex of these cells (Zurzolo et al., 1993b) . Since GSLs are as poorly extractable as in MDCK cells, it is that GPI has structural differences in FRT cells that prevent it from associating with GSL patches. On the other hand we found that VIP21/caveolin (Rothberg et al., 1992; Kurzchalia et al., 1992) , suggesting an important role of this factor in the clustering of GSLs and GPI-anchored proteins, is absent in FRT cells (Zurzolo et al., 1993b) . Study of the mechanisms responsible for the alternative sorting of GPI-anchored pro teins in FRT cells and ConA resistant MDCK cells may help elucidate the molecular basis of apical sorting in epithelial cells.
BASOLATERAL SORTING SIGNALS
Discrete cytoplasmic signals, partially resembling endocytic signals, have been discovered in several basolateral proteins (Table 2) (Brewer and Roth, 1991; Casanova et al., 1991; Dagermont et al., 1993; Hunziker et al., 1991; Le Bivic et al., 1991; Matter et al., 1992; Prill et al., 1993; Yokode et al., 1992) . Whereas in some cases a tyrosine residue is a critical part of the signal, other basolateral signals do not exhibit such a requirement. Two mechanisms may be invoked for the role of such signals in basolateal sorting. They may facilitate incorporation of proteins carrying such signals into preformed coated areas, as is believed to occur in plasma membrane coated vesicles. Alternatively, they may be an essential part of the vesicle-forming mechanism, i.e. constituent molecules of a basolateral vesicle-specific coat may be recruited into the TGN membrane by interac tion with the tails of the receptors. Why would such inter action take place only in the TGN and not during transit through the ER and the Golgi apparatus? Changes in the ionic microenvironment of the TGN (e.g. lower pH) might cause conformational changes in the basolateral proteins that favor their interaction with the coat elements. Current evi dence does not support clathrin coated vesicles or coatomer proteins as constituents of such coats (Griffiths and Simons, 1986) , but this point must be checked experimentally.
ARE TGN SORTING MECHANISMS EPITHELIAL-SPECIFIC?
A prevalent model proposes that a major difference between epithelial cells and non-polarized cells may be the existence of additional sorting mechanisms in the TGN of epithelial cells. More specifically, epithelial cells would express a new 'apical pathway' that might not exist in non-polarized cells. This concept is based on the 'special nature' of the apical sur face and the general nature of basolateral proteins, which are also present and reach normally the cell surface in non polarized cells. However, an alternative model (RodriguezBoulan et al., 1992) (Fig. 1) proposes that the main differ ence between epithelial cells and non-polarized cells might lie in their ability to set up polarized surface domains upon interaction with other cells or with the cell substrate. According to this view, non-polarized (unpolarized) cells would have 'apical' and 'basolateral' sorting mechanisms in the TGN, but the two classes of vesicles produced cannot be discriminated by the cell surface or by the surface tar geting machinery. These two models can be tested by study ing the in vitro production of vesicles by polarized and non polarized cells. In vitro TGN budding systems have been developed (de Curtis et al., 1988; Tooze and Huttner, 1990; Wandinger-Ness et al., 1990) and will play an important role in analyzing the molecular basis of protein sorting in epithelial cells.
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